Abstract: We propose a generic method for efficient maneuvering of surface plasmon polariton (SPP) modes along irregularly shaped metal-dielectric interfaces using strategically placed complementary medium inserts. The main attractiveness of our method is it enables us to steer SPPs through curved interfaces in a nearly lossless way while preserving the mode pattern. The complementary medium inserts can be made using isotropic and homogeneous metamaterials, simplifying the fabrication process. The proposed method allows one to significantly advance the design of the integrated plasmonic circuitry by enabling guidance of SPPs along nonplanar and complex surfaces.
Introduction
Surface plasmon polaritons (SPPs) are hybrid electromagnetic waves that are bound to, and propagate along, metal-dielectric interfaces, and oscillate collectively with free electrons in the metal [1] , [2] . Owing to the ability to operate at subwavelengths in contrast to infrared or visible light, SPPs are considered a promising technology for manipulating light and electrical signals in the nanoscale [1] , [3] . To provide the optimum balance between the extent of confinement and the propagation length of surface plasmons, various structures have been theoretically proposed and experimentally investigated [4] - [8] . Among many difficulties encountered by researchers working with the nanoscale integrated plasmonic circuitry, one critical issue is the maneuvering of SPPs along curved interfaces while preserving their mode profile and energy. This is because even minor abrupt discontinuities in the vicinity of interfaces lead to radiation decay due to scattering of SPP modes, eventually destroying the mode's profile.
The problem of SPP guidance through different obstacles at metal-dielectric interfaces may be tackled theoretically using the well known methods of transformation optics [9] - [12] . For example, a technique for steering SPP modes around rounded interfaces devised with these methods, was successfully confirmed using numerical simulations [13] , [14] . Although transformation optics can predict esoteric schemes for steering SPPs along curved paths, the desired structures are not easy to fabricate in practice, as the designer transformation media typically require anisotropic and inhomogeneous constitutive parameters. Therefore, it is vital to look for simpler, yet powerful, techniques that enable one to practically realize advanced SPP maneuvering on readily available media. One of such techniques may rely on the use of the medium that is complementary to a given dielectric, which implies that it has permittivity and permeability that are opposite in sign to those of the dielectric.
Recently, the concept of complementary medium (CM) has been extensively employed to solve different problems of modern optics and has proven its usefulness for a variety of applications. For example, Yang et al. [15] suggested to coat metallic objects with CM, in order to increase their scattering cross sections; Lai et al. [16] designed a CM-based invisibility cloak, which can hide a given object at a specific distance outside the cloaking shell; Ding et al. [17] engineered highly efficient bends for microwave waveguides using an isotropic and homogeneous CM; and Wang et al. [18] designed microwave splitters, connectors, and shifters based on the same principle. In this paper, we recast the approach of Ding et al. to plasmonic nanostructures and demonstrate that the CM is highly efficient for steering SPP through arbitrarily shaped interfaces. Our results, being backed up by clear physical principles and extensive numerical simulations, suggest strategically placed isotropic and homogeneous CM inserts as a good candidate for accomplishing advanced SPP maneuvering along curved and sharp interfaces in the nanoscale.
Analytical Framework
We start our analysis by deriving the dispersion relation for SPPs traveling along the interface between two semi-infinite media characterized by the permittivities " 1 and " 2 and permeabilities 1 and 2 . Without loss of generality, we consider the transverse-magnetic (TM) SPP mode and assume that the media are separated by the plane z ¼ 0. If x is the propagation direction and ¼ 0 þ i 00 is the propagation constant, then the magnetic field H j in the jth medium ðj ¼ 1; 2Þ can be written as
where H j is a constant field amplitude, and we have omitted the time-evolution factor e Ài!t with ! being the SPP angular frequency. Notice that the real parts of the complex parameters k 1 and k 2 are positive for the surface modes that evanescently decay away from the interface. Using Maxwell's equation r Â H j ¼ Ài!" 0 " j E j , gives the electric field
The continuity of the tangential component of this field, together with the boundary condition
where c is the speed of light in a vacuum. The required dispersion relation is the solution to the system of (1) and (2)
As it will be evident below, the perfect bending of SPPs at arbitrary metal-dielectric interfaces is enabled by the following three features of the CM. First of all, we see that (3) does not change upon the substitution ð" j ; j Þ ! ðÀ" j ; À j Þ, i.e., when the jth medium is replaced by its CM. This symmetry of the dispersion relation implies that the SPP modes guided by the interface between a given metal and an ordinary dielectric are also supported by the interface between the same metal and the metamaterial complementary to the dielectric. The second feature is associated with the perfect impedance matching between an ordinary dielectric and its CM. Owing to this, electromagnetic waves do not reflect from the dielectric-CM interface but only experience a negative refraction upon oblique incidence. The third feature is the fact that surface plasmons cannot propagate along a planar interface between an ordinary dielectric and its CM. This can be deduced from (1) by recalling that Reðk 1 þ k 2 Þ 9 0.
Simulation Results and Discussion
To fully appreciate these observations, it is instructive to look at few examples involving efficient maneuvering of SPPs through nonconventional, irregular metal-dielectric interfaces with CM. We first focus on a single metallic wedge shown in Fig. 1 . In order to cause the plasmon mode traveling along the interface AO between metal and ordinary dielectric to change its propagation direction and start moving along the interface OB, we introduce a CM into the region OCD formed by the bisectrix OD of the wedge angle 2 and the perpendicular OC to the interface AO. Owing to the equal impedances of the dielectric and CM, SPP fields can penetrate through the interface OC without any reflection. Moreover, due to the normal incidence, the fields do not experience any refraction at this interface. Once got through, the electromagnetic field of the TM plasmon mode falls obliquely on the interface OD between the CM and its dielectric. Since this interface does not support guided SPPs, the wave simply refracts on it and start to propagate toward the plane OE , as shown by the red ray. It is easy to see that the energy of the plasmon mode that passes through the plane OC is fully transported through the interface OD to the plane OE . The Poynting vectors in Fig. 1 illustrate the above discussion.
It should be stressed that if the ordinary dielectric exhibits absorption losses, then (according to the definition) its CM should provide gain, and the above conclusion of the complete energy transfer between the planes OC and OE holds true. Also, noteworthy is that the wavefront of the electromagnetic wave in the plane OE experiences neither delay nor advance in phase with respect to the wavefront in the plane OC. Hence, the SPPs propagate along the interface OB as if it was a straight elongation of the interface AO.
We now use the full-wave finite-element COMSOL Multiphysics package to model SPP bending for different surface geometries. We set " m ¼ À145:5 þ 9:6i and m ¼ 1 for the metal, which corresponds to the parameters of silver at the 1.55-m wavelength and assume the vacuum permittivity and permeability for the adjacent medium ð" d ¼ d ¼ 1Þ throughout the simulations. In Fig. 2(a) , we first show the poor SPP mode bending accompanied by strong radiation losses in the case of mode traveling along the surface of a 90 metal corner. When the CM is introduced in accordance with Fig. 1 , the plasmon mode starts bending smoothly around the corner, as shown in Fig. 2(b) . It is seen from this figure that the mode pattern is almost undistorted and that the radiation at the corner is negligibly small. To be exact, more than 97% of the mode energy is irradiated to the far field in Fig. 2(a) , while the use of CM in Fig. 2(b) allows one to reduce the radiation loss below 1.5%. The examples of CM-assisted 45 and 150 bending are shown in Fig. 2(c) and (d) . Note that the thicknesses of all layers in our simulations are much larger than the evanescent decay lengths of SPP modes in the transverse direction, so that these layers may be considered as semi-infinite (much like in the above theoretical treatment).
The demonstrated maneuvering technique is equally efficient for steering SPPs along interfaces containing different obstacles. To illustrate this, we consider the isosceles trapezoidal bump shown in Fig. 3 , which resembles the plasmonic carpet cloak analyzed in [13] . The trapezoid has angles of 60 and 120 . As the magnetic field snapshot in Fig. 3(a) suggests, the radiation loss and reflection of surface plasmons at the bump are so high that they cannot penetrate behind it. The propagation of SPPs behind the bump may be achieved by placing four sections of CM to the four corners of the structure, as shown in Fig. 3(b) . It is of significance that the patterns of the incident and transmitted modes are the same, which proves the applicability of the proposed method to the situation of complex interfaces.
As the final example, we consider the problem of SPP guidance along a rounded corner formed by two perpendicular metal-dielectric interfaces. This problem is similar to that solved by Liu et al. [13] using the transformation optics approach and the required inhomogeneous dielectric to be the part of the bent area. To enable relatively smooth guidance of the mode without the need for inhomogeneity, we divide the curved region into 10 equal layers and alternately fill half of them with CM and the other half with normal dielectric. The propagation of SPPs through the resulting structure is shown in Fig. 4 . The small radiation loss exhibited by the surface plasmon mode can be further reduced by increasing the number of CM layers. Up to this point, we have considered only ideal CM inserts, which are free of any losses and made up of meta-atoms located in a defect-free lattice. However, absorption losses and lattice defects are unavoidable in real metamaterials and may significantly degrade their performance. To study these type of scenarios in detail, we consider the corner shown in Fig. 2(b) and introduce auxiliary parameters " and into the constitutive parameters of the CM as follows:
We first assume that " ¼ ¼ so that the impedance of the CM is equal to that of the dielectric. Fig. 5(a) and (b) show how the SPP mode pattern is distorted for ¼ 0:02i and 0:1i, respectively. It can be observed that where the absorption in the CM is relatively weak the mode is smoothly bent around the corner, whereas the strong absorption results in a noticeable distortion of the mode pattern and reduces SPP intensity behind the corner. In Fig. 5(c) and (d), we plot the magnetic field of the SPP mode for ¼ À0:02 and À0.1, respectively. The conclusion that is somewhat different to the above one may be drawn in this case; due to the absence of absorption in the CM, only the field pattern gets distorted upon the propagation, while the energy of SPPs is not lost, even for ¼ À0:1.
We now study the influence of the impedance mismatch between the dielectric and its CM on the maneuvering of SPPs. In order to eliminate the effect of the refractive index change and ensure a fair comparison with the ideal situation in Fig. 2(b) , we assume that the auxiliary parameters are interrelated as ð1 þ " Þð1 þ Þ ¼ 1. The snapshots of the magnetic field corresponding to this scenario are shown in Fig. 5 (e) and (f) for " ¼ 0:02 and 0.1. One can see from these figures that only a minor difference exists between the two mode patterns, which is indicative of high robustness featured by the considered method of SPP maneuvering to the variations of the CM impedance.
As a concluding remark, we would like to emphasize that the fabrication of the structures considered in our manuscript may be quite a challenging task. However, several research groups have already experimentally demonstrated double-negative, 3-D metamaterials based on multilayer fishnet structures [19] , [20] , which allows one to expect the practical realization of SPPs maneuvering with CM in the foreseeable future.
Conclusion
In summary, using strategically placed complimentary medium inserts, we have theoretically demonstrated an efficient method for steering SPP modes through sharp bends or curves. The versatility of the method was verified using numerical simulations, which showed that the scattering loss and guiding mode distortion may be almost entirely suppressed at irregular metal surfaces of arbitrary roughness. The isotropy and homogeneity of the complementary medium insertsV required to eliminate these detrimental effectsVis the major advantage of our method over the transformation medium approach, offering a more practicable solution to the SPP routing along nonconventional interfaces.
